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Abstract
In this article, we study the implications of the coupling between Axion-
Like-Particles (ALPs) and Leptons to cosmology in particular, the Big Bang
Nucleosynthesis (BBN). We show that the BBN, through the constraint on
the effective number of relativistic neutrino species, provides the most strin-
gent bound on the ALP-electron interaction strength for the mass of axion
between 20 keV and 1 MeV. For other values of the mass, the BBN bound
complements the stellar-evolution and laboratory bounds.
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1 Introduction
The Standard Model of Particle Physics (SM) has been immensely successful; however,
there remains a few unsolved puzzles, one of them being the smallness of the coefficient
θ¯ which is a sum of two apparently independent terms in the theory
θ¯ = θ + arg det(YuYd) , (1)
where θ is the coefficient of the classically marginal1 and CP odd operator−(1/32pi2)GaµνG˜aµν ,
and Yu,d are the quark Yukawa matrices. Interestingly, the coefficient θ¯ contributes to
Electric Dipole Moments (EDMs) of the leptons [3, 4] as well as the hadrons, e.g., the
neutron [5, 6]. vacuum and the Yukawa coupling of Higgs boson to quarks, The strong
experimental constraint on the neutron EDM gives an upper bound θ¯ ≤ 10−10 [5–7].
The smallness of this parameter is intriguing, and known as the “strong CP problem”.
The most popular solution of this problem, known as the the Peccei Quinn (PQ) solution
[8–11], predicts the existence of a light pseudo Nambu-Goldstone Boson (pNGB), called
the axion, in the particle spectrum. The axion gets its mass from non-perturbative QCD
dynamics, and in this case, the axion mass is completely determined by the axion decay
constant denoted by fa, see [12,13] and the references therein for more details.
Light pNGBs, such as the QCD axion discussed above, appear in many extensions of the
SM [14]. These particles, being pNGBS, share many properties with the QCD axion.
However, since their mass, in general, does not arise from the QCD dynamics, the mass
and the decay constant are independent parameters. These particles are traditionally
called the Axion-Like-Particles (ALPs).
A lot of a theoretical and experimental efforts are underway to search for the ALPs, for
example, they are actively being searched at Light-shining through wall experiments [15,
16], particle colliders [17–21], beam dump experiments [22–24], dark matter detection
experiments [25–27] as well as various axion helioscopes and haloscopes [21,28,29]. There
are also many new proposals such as [30–36] which are expected to cut into unprobed
regions of parameter space, and hopefully yield a signal. Along with these, ALPs are also
constrained by a variety of astrophysical and cosmological observations. For example,
axions can be produced copiously inside Sun, Supernovae, Pulsars, White dwarfs etc.,
and affect the cooling time of these objects as well as the photon polarisation. This gives
interesting constraints on axion properties [37–40] (note, however, that the astrophysical
bounds often suffer from large uncertainties [41, 42]). Similarly, the Cosmic Microwave
Background (CMB) power spectrum, and the Big Bang Nucleosynthesis (BBN) can also
be sensitive to the properties of the ALPs, and are used to constrain significant part of
the ALP parameter space [39,43–47].
1The leading contribution to the beta function of θ¯ in the SM appears at the 7-loop order [1, 2].
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Most of the experiments mentioned above rely on the axion coupling to photons. The
ALP-Lepton coupling has been relatively less studied, see however, [39, 46, 47]. In this
work, we perform a detailed analysis of the cosmological implications of ALP-Lepton
interaction, in particular, its impact on the BBN. The BBN occurred when the tem-
perature of the Universe was between 10 keV<T < 1 MeV, and therefore axions with
mass < 1 MeV can affect the physics in this era. The axions can be produced via
l±γ → l±a and l+l− → γa
processes and can lead to non-negligible axion abundance during BBN and contribute to
∆Neff . In addition, the ALP-electron coupling ce/fa can also induce significantly large
coupling to photons at one loop, gaγγ ∼ 10−3 ce/fa, for ma & me. This extra interaction
would allow ALPs to stay in equilibrium for longer providing stronger bounds.
The paper is organised as follows. In Sec. 2 we introduce the general effective Lagrangian
describing the ALPs and their couplings to the photon and the SM fermions, and review
the present constraints on ALP-photon and ALP-lepton couplings. Sec. 3 describes how
the ALP-Lepton coupling can affect the thermal history of the universe, and impact the
effective number of neutrinos, Neff , measured during BBN. In Sec. 4, we numerically
solve the Boltzmann equations to find the exact constraints on ALPs-Lepton couplings
as a function of the ALP mass. Finally, in Sec. 5, we summarise our main results and
conclude.
2 Axion properties
We use the following Lagrangian density describing the interactions of axions or ALPs
to SM particles
L = 1
2
(∂µa)
2 +
αs
8pi
a
fa
GAµνG˜
Aµν +
gaγγ
4
aFµνF˜
µν + cψ
∂µa
2fa
ψ¯γµγ5ψ (2)
where fa is the effective axion decay constant and αs is the QCD fine structure constant.
The axion-photon-photon coupling, gaγγ, is model dependent. The coupling gaγγ for the
QCD axion can be written as
gaγγ =
αem
2pifa
(
E
N
− 1.92
)
(3)
where the quantities E and N are the mixed anomaly coefficients of the PQ symmetry
with Electro-Magnetism (EM) and QCD respectively, and the number 1.92 is the model-
independent contribution from QCD [48]. The mass of the QCD axion is also determined
by the axion decay constant in the following way [48]
ma = 5.7µeV
(
1012 GeV
fa
)
. (4)
3
This gives,
gaγγ =
(
E
N
− 1.92
)( ma
0.5 eV
)
(10−10 GeV−1) (5)
ma( MeV) gaγγ (GeV
−1) Description
. 10−7 . 10−7 Light-shining-through-walls experiment [15]
. 10−5 . 10−10 Tokyo Axion Helioscope (SUMICO) and
the CERN Axion Solar Telescope (CAST) [28,49]
. 10−2 . 10−10 Horizontal Branch stars [37]
. 102 ≥ 10−2 & . 10−9 Supernova Type II SN1987A [38]
∼ 1− 106 . 10−3 Mono-photon and tri-photon searches at
LEP, CDF and LHC [20]
Table 1: Model independent constraints on gaγγ for different values of ma. Note that the
ALP-photon coupling gaγγ can also give rise to interesting effects on the CMB properties
which, in turn, can be used to put serious constraints on gaγγ, see for example, refs. [39,
43–47].
The current bounds on gaγγ and its variation with mass are shown in table 1. For
example, gaγγ . 10−10 GeV−1 for ma . 10 keV which translates to ma . 0.5 eV (and
consequently, fa & 107 GeV) for QCD axion with (E/N − 1.92) ∼ 1. The decay width
of the ALP decaying to photons can be written as,
Γa→γγ =
(gaγγ
4
)2 m3a
4pi
=
( gaγγ
10−10 GeV−1
)2 ( ma
350 eV
)3( 1
3.3× 1017sec.
)
(6)
=
(
E
N
− 1.92
)2 ( ma
25.5 eV
)5( 1
3.3× 1017sec.
)
[for QCD axion](7)
Thus, for the QCD axion, one necessary condition for it to have a lifetime more than
the age of the universe is that the axion mass has to be less than about 25 eV (for (E/N
- 1.92) ∼ 1). For a general ALP, its lifetime can be larger than the age of the universe
even when the mass is much larger than 25 eV, and depends on gaγγ (and also couplings
to matter) which is not determined by ma.
Similar to gaγγ, the axion-fermion-fermion couplings, cψ, is also model dependent. In
this work, we consider couplings only to the charged leptons, e, µ and τ (couplings
to the neutrinos are extremely suppressed due to smallness of the neutrino masses).
In models such as the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model [50, 51], axions
have tree-level interactions with leptons and cl can be as high as 1/3. In the Kim-
Shifman-Vainshtein-Zakharov (KSVZ) model [52, 53], on the other hand, such direct
interaction with leptons is absent. Even in models where there is no tree level coupling
to leptons, it can be generated by the axion-photon-photon coupling at one loop. As the
axion-photon-photon coupling already has one power of αem, cl, generated in this way,
is O(α2em) suppressed. However, for QCD axions, large logarithms either of the size
4
Ln(ΛQCD/me) ≈ 5 or Ln(fa/me) ≈ 30 may kill part of this suppression. In Fig. 1, we
compile all the existing bounds on cl/fa for different values of ma.
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Figure 1: Existing model independent constraints on ce/fa (left) and cµ/fa (right) for
different values for ma from observations of Red Giants [37], SN1987A [39, 40], dark
photon searches at BabaR [19], Beam dump experiment at SLAC [24]. Note that collider
bounds from LEP [21] assumes gaγγ ∼ 10−3 GeV−1, so they are not model independent.
Bounds from EDELWEISS [25] and LUX [26] are one order of magnitude stronger than
shown here, if axion are assumed as cold dark matter. Similarly, BBN studies in [39]
constrains (ce/fa, cµ/fa, cτ/fa) ∼ (10−6, 10−7, 10−6) assuming relativistic axions during
CMB decoupling i.e, with ma < 10
−1eV. The CAST experiment [54] constraints the
product gaγγce/fa < 1.6 × 10−19 GeV−2 at 95% CL for ma . 10−2eV. The solid black
diagonal line corresponds to the DFSZ QCD axion model.
As we wish to extract constraints on the couplings cl/fa in a model independent way,
we assume that the direct coupling to photons is zero (the bounds on cl/fa will only get
stronger for non-zero gaγγ, thus our bounds are conservative). Note, however, that the
ALP-Lepton coupling does generate the axion photon coupling, gaγγ, at one loop:
gloopaγγ =
αem
4pi
cl
fa
4B1(xl) (8)
where, B1(xl) = 1− xl f (xl)2 ; xl ≡ 4m
2
l
m2a
f(x) =

arcsin
1√
x
; x ≥ 1 ,
pi
2
+
i
2
ln
1 +
√
1− x
1−√1− x ; x < 1 .
The fermion loop function B1(x) ∼ − m2a12m2l for ml  ma and |B1(x)| ∼ 1 for ma  ml.
We plot gloopaγγ as a function of the ALP mass for different leptons in Fig. 2(left).
It is evident that the value of gaγγ is non-negligible especially for ma  ml with
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Figure 2: (left) The variation of ratio
∣∣∣∣ gaγγcl/fa
∣∣∣∣ with ma. (right) Lifetime of axion decaying
to photon as well as leptons as a function of mass for cl/fa = 10
−4 GeV−1.
gaγγ
maml∼ αem
pi
cl
fa
. To emphasize its significance, we plot lifetime of ALPs as function
of their mass keeping cl/fa = 10
−4 GeV−1 in Fig. 2(right). To calculate the lifetime, we
use eqn. 6 and the following expression for decay rate of the ALP to leptons,
Γa→l+l− =
m2l
8pi
(
cl
fa
)2
ma
√
1− 4m
2
l
m2a
. (9)
3 Axions production in the early universe
Considering only the axion-lepton-lepton coupling, cl, the axions can be generated in
the early universe by the following processes
l±(p1) γ(p2) → l±(p3) a(p4) (10)
l−(p1) l+(p2) → γ(p3) a(p4). (11)
The corresponding Feynman diagrams are shown in Fig. 3. Based on the dimensional
analysis, one expects 〈σv〉 to scale as c
2
lm
2
l
f 2a T
2
in the relativistic limit (for T  ml,a).
This implies that the ratio of interaction rate to Hubble expansion takes the form
Γ
H
∼ nl,γ〈σv〉Mpl
T 2
∝ 1
T
. As Universe cools to temperatures below the lepton mass,
〈σv〉 goes as c
2
lm
2
l
f 2a
1
g(m2a,m
2
l )
where g(m2a,m
2
l ) is a function having mass dimension 2.
Consequently, Γ/H would go as
nγ〈σv〉Mpl
T 2
∝ T . However, the detailed analysis dis-
cussed below suggests that the interaction rate in the non-relativistic limit drop more
quickly than expected from the naive power counting. For that, we write below the
6
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a(p4)
Figure 3: Feynman diagrams of l±(p1) γ(p2) → l±(p3) a(p4) and l+(p1) l−(p2) →
γ(p3) a(p4)
Boltzmann equation describing the evolution of the axion number density
dna
dt
+ 3H na =
(
2Γl
±γ→a l± + Γl
−l+→aγ
)
(na − neqa )
dYa
dx
= − x s
H(m)
(
2〈σv〉l±γ→a l±Y eql
Y eql
Y eqa
+ 〈σv〉l−l+→aγ Y eqγ
Y eql
Y eqa
)
(Ya − Y eqa )
(12)
where, Ya =
na
s
, and x =
ml
T
. The matrix element for process in eqn.10 gets two
contributions associated to s- and u-channel exchange. The corresponding expressions
are given as:
iMs = i e cl
2fa
u¯(p3) γ
µγ5
i( /p1 − /p2 +ml)
s−m2l
γν u(p1) p4µ ν(p2),
iMu = i e cl
2fa
u¯(p3) γ
ν
i( /p1 − /p4 +ml)
u−m2l
γµγ5 u(p1) p4µ ν(p2),
Similar expression for the process in eqn.11 can be derived using crossing symmetry
property. We see that the transformation of the Mandelstam variables from (s, t, u) →
(t, s, u) gives us the matrix element for pair-annihilation process.
Next, we calculate the cross-section in the limit ma → 0, useful in relativistc limit
(T  ml,a)
σl
±γ→l± a =
αc2lm
2
l
8f 2as
2
(
−m4l + 4m2l s+ s2 log
(
s2
m4l
)
− 3s2
)
(s−m2l )
sm2l=
αc2lm
2
l
8f 2as
(
log(s2/m4l )− 3
)
(13)
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σl
+l−→γ a =
αc2lm
2
l
4f 2a
tanh−1
(√
1− 4m2l
s
)
(s− 4m2l )
sm2l=
αc2lm
2
l
4f 2a s
tanh−1
(√
1− 4m
2
l
s
)
(14)
It should be noted that the logarithmic dependence leads to divergent cross-section in
the ml → 0 limit corroborating the t-channel singularity.
From eqn.12, 13 and 14, the reaction rate per axion particle in the limit T  ma,l can
be written as
Γ =
neql/γn
eq
l
neqa
〈σv〉 eqn.10,11∼ T 3
(
αem
16
c2l m
2
l
f 2a
1
T 2
Log
[
4T 2
m2l
])
=
αem T
16
c2l m
2
l
f 2a
Log
[
4T 2
m2l
]
.
Since, the Hubble parameter, H ∼ T 2/Mpl,
Γ
H
∝ 1
T
Log
[
4T 2
m2l
]
(15)
Thus, as the universe cools, Γ/H keeps growing allowing the possibility to bring the
axions in thermal equilibrium with the plasma. However, when the universe cools further
so that T  ml, one expects
Γ
eqn.10
=
neqγ n
eq
l
neqa
〈σv〉 ∼ T 3 n
eq
l
neqa
[
αem
2m2l
c2lm
2
l
f 2a
(
a
T
ml
+ b
T 2
m2l
)]
(16)
eqn.11
=
neql n
eq
l
neqa
〈σv〉 ∼ e−ml/T (mlT )3/2 n
eq
l
neqa
[
αem
2m2l
c2lm
2
l
f 2a
(
a˜+ b˜
T
ml
)]
. (17)
where a, a˜, b and b˜ are functions of the axion and the lepton masses and are found
numerically to be O(1) numbers. It should be noted that the interaction in equation
10 is dominant at lower temperature as the other interaction has an extra Boltzmann
suppression factor corresponding to the extra lepton in the initial state. Thus, the
ratio Γ/H scales (other than the Boltzmann suppression) as T n with n = 2 in the
non-relativistic regime i.e it falls quicker than expected within dimensional analysis.
We also conclude that this ratio attains its maximum value around T ∼ ml. This
feature can be seen in figure 4. Note that this feature arises only for axion-lepton-lepton
couplings because it is effectively a marginal coupling. It can be seen from the figure
that the axion produced in this way stays in thermal equilibrium (i.e., Γ > H) for some
duration. Depending on the coupling and mass, it goes out of the equilibrium at lower
temperatures. For ALPs interacting with only the muons or the tau-leptons, they go
out of equilibrium before the neutrino decoupling; however, they can still contributes
significantly to the total energy budget of the Universe. In fact, as we show in the next
section, the energy density stored in the ALPs could be significant enough to affect
the BBN. The non-negligible yield and hence, the energy density of axions can increase
the Hubble parameter during the BBN. A larger Hubble parameter during the BBN
8
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Figure 4: Interaction rate and Hubble rate as function of temperature for ma = 10 keV
and for various coupling strength.
modifies the neutron-to-proton ratio, which in turn changes the abundance of Helium-4
and Deuterium. This effect can be captured by defining a quantity called ∆NBBNeff in the
following way. The total energy density during the BBN can be written as
ρ =
pi2
30
{gγ + 7
8
(3gν + 3gν¯ + ge+ + ge−)}T 4γ + ρa (18)
=
pi2
30
43
4
T 4γ + ρa (19)
=
43
8
ργ + ρa (20)
The quantity ∆NBBNeff can now be defined by
ρ =
pi2
30
(
43
4
+
7
8
2 ∆NBBNeff
)
T 4γ (21)
9
=⇒ ∆NBBNeff =
8
7
ρa
ργ
(22)
The latest measurement and analysis of Helium and Deuterium abundance constrain
this parameter to NBBNeff = 2.878 ± 0.278 at 68.3% CL [55]. Using Neff = 3.046 for the
SM [56], this gives ∆NBBNeff < 0.39 at 2σ. Since, some of the earlier works [57–61] had a
slightly weaker upper bound, in order to be very conservative we take ∆NBBNeff < 0.5 in
our work.
The maximum value of ∆NBBNeff in the context of ALPs is obtained if the ALPs stay in
thermal equilibrium during the BBN and are relativistic (i.e., ma  1 MeV). In this
case, ∆NBBNeff = 8/7×1/2 = 0.57 since the axion, being a pseudo-scalar, contributes only
one extra degree of freedom. For larger axion mass, ∆NBBNeff reduces from 0.57 owing to
the the Boltzmann suppression, as can be seen from Fig. 5 (left). In the right panel of
Fig. 5, we also show ∆NBBNeff as a function of the temperature for three different values
of ma. Note that Fig. 5 shows ∆N
BBN
eff for particle at thermal equilibrium. In order to
fully take into account various processes when ALPs are not in thermal equilibrium, we
need to solve a complete set of Boltzmann equations for the distribution functions of
ALPs as well as neutrinos. This will be discussed in the next section.
electron
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Figure 5: ∆Neff as function of ma (left) and T (right) assuming that the ALPs are
in thermal equilibrium. In the left panel, only the ALP-electron coupling has been
considered.
We would like to stress here that the quantity ∆Neff is also measured from the CMB
observations. However, in general, ∆NCMBeff is not the same as ∆N
BBN
eff ; depending on
the details, ∆NCMBeff can be more or less than ∆N
BBN
eff [62]. In order for the axions
to contribute to ∆NCMBeff , they have to be relativistic at the time of CMB decoupling.
This means that for the axion mass ma & eV, they would not contribute significantly to
∆NCMBeff . This is why we have not used the stronger constraint on ∆Neff obtained from the
CMB [55,63]. The decay of the ALPs after BBN and close to the CMB decoupling can,
however, lead to observable effects on radiation density and also on other observables like
CMB spectral distortions which can in principle give rise to interesting bounds [64,65].
10
4 Constraint on cl/fa
In the homogeneous and isotropic Universe with the FLRW metric, the relevant distri-
bution functions fulfill the following Boltzmann equations:
∂fi(|~p|, t)
∂t
−H|~p|∂fi(|~p|, t)
∂|~p| = C[fi(|~p|, t)
To solve these first-order partial differential equations, we adopt characteristics curves
method [66] and introduce two dimensionless parameters z = mlR(t) and Q = |~p|R(t),
where R(t) is scale factor in the FLRW metric. So, the Boltzmann equations is recast
into the following form:
Hz
∂fi(Q, z)
∂z
= C[fi(Q, z)] , (23)
where the subscript i stands for e±, ν and a. While photons and electrons initially fol-
low the distributions in thermal equilibrium with zero chemical potentials, the initial
abundance of axion is assumed to be negligible. The collision term for the ALPs can be
written as:
C[fALPs] =
1
2Ea
∫
dpldp
′
ldpγ(2pi)
4δ4(
∑
p) [fγfl(1 + fa)(1− f ′l )− f ′lfa(1− fl)(1 + fγ)] |M|2
where dpi = gid
3pi/[(2pi)
32Ei] with gi being the internal degrees of freedom. The collision
terms for the SM species are taken from references [67–69]. We use numerical techniques
discussed in [67,70] to solve multi-dimensional collision integration.
Along with the Boltzmann equation, the Friedmann equations, H2 =
8piGρtot.
3
and
dρ
dt
= −3H(ρ + P) in terms of z and Q are also relevant to calculate the evolution of
photon temperature:
z
dρ
dz
= −3(ρ+ P) (24)
z
dTγ
dz
dργ
dTγ
= −3(ρ+ P)− zdρ
±
e
dz
− zdρν
dz
− zdρa
dz
(25)
After solving the Boltzmann equation, energy density during BBN and hence ∆Neff are
calculated using Eq. (22) at the time of neutrino decoupling. In Fig. 6(left) we show the
variation of ∆Neff with respect to the coupling cl/fa for axions with mass ma < 10 keV
(we have chosen 10 keV just as a benchmark. Also, for this mass range, the axions are
relativistic and ∆Neff is independent of the mass). Fig. 6(right), on the other hand,
shows the contours for ∆Neff. = 0.5 on the ma – cl/fa plane.
Let us now try to understand qualitatively the results in Fig. 6. First, note that the
ALP-Lepton coupling is proportional to the ALP mass. Thus, for a given cl/fa, axions
will have stronger coupling to heavier leptons. This means that, in order to get the
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same axion yield, a relatively smaller value of cµ/fa would be required than ce/fa.
Consequently, the constraint on cµ/fa will be stronger than that on ce/fa (for this
argument, we have assumed the mass of the axion to be much less than the electron and
the muon mass), which can be seen from the figure.
For the heavier leptons, however, another effect comes into play: lower number density
of leptons for heavier leptons (due to Boltzmann suppression) leads to lower rate for the
process l−/γ + a→ l−l+ reducing the yield. In order to maintain significant axion yield,
this requires larger cl/fa. In this way, the competition between the number density of
leptons and lepton mass dependent coupling strength plays a crucial role in obtaining the
constraints given in Fig. 6. In the right panel of Fig. 6, the increase of required coupling
strength with the axion mass in order to maintain a fixed ∆Neff is also easily understood
in terms of the Boltzmann and phase space suppression of the process l−l+ → l−/γ + a.
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Figure 6: (left) ∆Neff as a function of cl/fa for ma < 10 keV. (right) Contour satisfying
∆Neff. = 0.5 on ma vs cl/f plane.
As discussed above, the coupling of the ALPs with tau-lepton cannot be constrained by
BBN as the contribution to ∆Neff is very small (Fig. 6(left)). In this case, the axions go
out of equilibrium much before BBN (as can be seen from the lower panel of Fig. 4) and
thus, their yield remains small. This result is consistent with the observation that, for a
particle that decouples from the primordial thermal plasma before the QCD transition,
one always gets ∆ Neff . 0.3 [39].
Finally, in Fig. 7 we compare our bounds with the existing constraints discussed in
section. 2. It can be seen that, for the ALP-electron coupling, our bound is the strongest
for axion mass between 20 keV and 1 MeV. We should also mention in passing that,
indirect bound on the ALPs-lepton coupling can be obtained using Eq. (8) and the
bounds on ALPs-photon coupling given in table 1 (shown as dashed and dotted black
lines in Fig. 7). However, unlike the BBN bound discussed in this work, this indirect
12
bound is model dependent and relies on the exact value of the direct gaγγ coupling.
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Figure 7: Constraints on ce/fa (upper panel) and cµ/fa (lower panel) obtained in the
present work along with the existing model independent constraints. We also show con-
straints derived using bounds on axion-photon couplings discussed in Tab. 1.
5 Summary and Conclusion
In this article, we have performed a detailed study of the constraints on ALP-lepton
coupling, cl/fa, from BBN. In the presence of non-zero cl/fa, the ALPs can be produced
in the early universe by the processes l±γ → l±a and l+l− → γ a (Fig. 3). When the
temperature of the thermal plasma T  ma,l, the quantity Γ/H keeps increasing as
the universe cools allowing the possibility for the axions to come into equilibrium with
13
the rest of the plasma. However, as the universe cools further and the temperature goes
below the mass of the lepton, Γ/H starts decreasing with the decreasing temperature. As
a result, the ALPs, depending on their coupling strengths, first come into equilibrium,
then stay in equilibrium for a while, and eventually goes out of the equilibrium (see
Fig. 4). If the axions are relativistic and also in equilibrium during the BBN, their
contribution to ∆NBBNeff turns out to be as high as 0.57 which is clearly ruled out by
observations. With the increasing mass of the axion, their contribution to ∆NBBNeff keeps
decreasing due to the Boltzmann suppression (shown in Fig. 5). However, they can still
contribute to ∆NBBNeff significantly which, in turn, provides interesting constraints on the
ALP-Lepton couplings.
When ALPs are not in equilibrium with the thermal plasma, the full Boltzmann equa-
tions have to be solved in order to understand their effect on BBN quantitatively. We
did this exercise in section 4. Based on our analysis, in Fig. 6, we showed contours
for ∆NBBNeff = 0.5 on the ce,µ/fa – ma plane. We also discussed qualitatively why the
constraints on cµ/fa is stronger than the bound on ce/fa, and why the bound on cτ/fa
is extremely poor. Finally, in Fig. 7 we compare our bound (using a very conservative
observational upper limit ∆NBBNeff ≤ 0.5) with the other existing bounds and show that
our bound is the most stringent one for the ALP-electron interaction strength for the
mass of axion between 20 keV and 1 MeV.
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